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Abstract : Linear wave propagation is symmetric in time. This principle can be used to 
create focused spots, short pulses or indeed any spatiotemporal field even after 
propagation through highly scattering media. If the full field of a wave is measured on 
some spatial boundary, where a time-reversed version of that field is then created, this 
new field will replay the original wave propagation in reverse until it eventually recreates 
the original source. Time reversal of waves has previously been demonstrated for 
relatively low frequency phenomena such as acoustics, water waves and microwaves. 
Many attempts have been made to extend the techniques of time reversal into optics. 
However the much higher frequencies and shorter wavelengths of optics make for very 
different requirements and full optical time reversal has yet to be achieved. Here we 
demonstrate time reversal of optical waves with a device capable of independently 
addressing the amplitude and phase of 90 spatial/polarisation modes as a function of 
frequency over approximately 4THz of bandwidth and 20ps of delay. We use this device 
to demonstrate arbitrary control over the spatial, temporal, spectral and polarisation 
properties of a beam after propagation through a multimode optical fibre.  This new 
ability to manipulate the full field of an optical beam could be used to control both linear 
and nonlinear optical phenomena. 
 
Introduction : In a time-reversal experiment the source to be recreated is often a short pulse 
originating from a small focused spot. After potentially undergoing a complicated scattering 
process the far-field of this source is recorded by an array of transducers/antennas. The time-
axis of these signals is then flipped and replayed through the array to regenerate the spatially 
and temporally focused source1. This can be extended to a transfer matrix based approach1–3 
whereby an array of sources is characterised allowing arbitrary superpositions of those sources 
to be regenerated. Time-reversal can be performed either by physically back-propagating 
signals through the medium, or by using the conjugate transpose of the transfer matrix 
measured in the forward direction. The advantage of a transfer matrix approach is that entirely 
new spatiotemporal fields can be generated at the target, which need never have physically 
existed previously. 
Low frequency phenomena such as acoustics1,4, water waves5,6 and microwaves7,8, are 
within reach of electrical digitizers and signal generators which can record and generate the 
required fields directly in the time-domain.  When working with broadband sources at optical 
frequencies, such as femtosecond pulses, the electric field cannot be directly measured or 
manipulated in the time domain as it can for acoustics, water waves or microwaves. Hence 
extending time-reversal techniques into optics requires a different approach. 
Time-reversal requires independent temporal control of every spatial mode. Previous 
experiments in optics9,10 have demonstrated spatial control3,11–18, temporal control19–22 or some 
limited combination of both23–29. Due to the high frequencies and bandwidths, the manipulation 
of ultrashort optical pulses is typically performed in the frequency domain using spectral pulse 
shapers30. In the frequency domain, time-reversal requires the amplitude and phase of every 
spatial mode to be independently controllable as a function of wavelength. A spectral pulse 
shaper based on a 2D spatial light modulator (SLM) can control the frequency response of 
multiple spots in a linear array simultaneously31. In such a system, one-axis of the SLM is 
  
assigned to the wavelength degrees of freedom and the other axis the one-dimensional spatial 
degrees of freedom consisting of the linear spot array. However the spatial properties of a beam 
are two-dimensional. In Cartesian coordinates for example, the transverse structure of a beam 
is a function of both x and y. Hence we have three-dimensions (2 spatial  and 1 spectral) per 
polarisation which, in the simplest case, must be controlled in both amplitude and phase by the 
2D surface of a single SLM. This dimensional mismatch is an important reason why time-
reversal in optics has not been previously demonstrated. Previous work used the two 
dimensions of the SLM to control the two spatial dimensions3, 1 spatial dimension and 1 
spectral dimension24, or some other partial combination of the spatial and temporal degrees of 
freedom23. 
In this work as summarised in Figure 1, we employ a multi-plane light conversion (MPLC) 
device32–36 in combination with a polarisation-resolved multi-port spectral pulse shaper in order 
to control all three dimensions (2 space, 1 frequency) for both polarisations on a single two-
dimensional SLM. The MPLC device maps a two-dimensional set of Hermite-Gaussian (HG) 
modes to a one-dimensional array of Gaussian spots33–35. This means both spatial dimensions 
of the output beam can be controlled using a single spatial dimension of the SLM. Leaving the 
other spatial dimension of the SLM for the spectral degree of freedom. Addressing the output 
beam in the HG basis rather than a discrete spot basis also means there is no dead-space in the 
near or far-fields where light cannot be delivered. 
In traditional holography, a two-dimensional diffractive element can be used to reconstruct 
a three-dimensional optical field by illuminating it with a spatial reference beam. This new 
device can be thought of as an extension of this to an extra dimension; a three-dimensional 
diffractive element which when illuminated with a reference pulse in a reference spatial mode, 
will reconstruct a four-dimensional optical field (3-space and 1 time). 
This device is capable of generating arbitrary optical fields with full control over the spatial, 
spectral/temporal and polarisation of a beam. Spatial wavefront manipulation and spectral 
pulse shaping already have broad applicability and the ability to perform both simultaneously 
by this device could have many applications within linear and nonlinear optics. For example, 
as has already been demonstrated for low frequency phenomena, it could be used to control 
propagation through complex media and for imaging beyond the diffraction limit. However it 
also opens up possibilities more specific to optics. Such as nonlinear microscopy deep into 
biological tissue, the control of light-matter interactions, and spatiotemporal nonlinear 
effects37. As part of a high-power multimode fibre laser, it would allow a pulse to be dispersed 
not only in time38, but also in space along the length of the gain medium before forming a 
spatiotemporal focus only at the output. With independent control of the spatial, 
spectral/temporal and polarisation properties of the beam, the device can create various 
mappings between these properties. For example, space-to-time, whereby arbitrary vector 
spatial patterns are assigned arbitrary arrival times. 
 
 
Figure 1 – Simplified schematic of optical time reversal system. A device capable of mapping an input vector 
spatiotemporal field onto an arbitrary vector spatiotemporal output field. Amplitude, phase, spatial mode, 
polarisation and spectral/temporal degrees of freedom can all be independently addressed simultaneously. 
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Experimental Setup 
A schematic of the device and the associated characterisation apparatus is summarised in 
Figure 2. The reference field enters the device through a single-mode fibre (SMF) in some 
arbitrary polarisation-dependent temporal state. In these demonstrations, the reference consists 
of a bandwidth-limited pulse, linearly polarised at 45 degrees with respect to the SLM. This 
reference field enters the polarisation-resolved multi-port spectral pulse shaper where it is 
mapped onto the surface of the SLM (Holoeye PLUTO II) through polarisation diversity optics 
and anamorphic dispersive optics. Through these optics the horizontally and vertically 
polarised components of the beam are separated onto the left and right side of the SLM 
respectively. Within the beam for each polarisation component the spectral components are 
dispersed across the x-axis of the SLM. Applying a phase tilt along the spectral axis (x-axis) 
will steer the beam back towards the output array along longer or shorter paths through the 
grating creating controllable delay30. In Figure 2, this corresponds with steering in the plane of 
the page. The device operates between 1535nm and 1570nm, corresponding to approximately 
4.3THz of optical bandwidth. The width of each spectral component on the SLM is 
approximately 3 pixels or 15GHz. Apply a phase tilt along the y-axis of the SLM will steer the 
beam along the 1D array of Gaussian spots at the input to the MPLC33,35,39. In Figure 2, this 
corresponds with steering in/out of the page and allows the individual spatial modes to be 
addressed. This 1D output array is in turn mapped to a 2D set of the first 45 HG modes through 
the 14 phase planes of the MPLC device. Hence both Cartesian indices (m,n) of the HG mode 
basis set can be addressed by steering along the 1D array using the spectral pulse shaper. By 
programming more complicated phase patterns onto the SLM it is possible to create arbitrary 
spectral/temporal responses independently for each of the 90 spatial/polarisation modes the 
system supports. The device is attached to a 5m length of graded-index (OM3) multimode fibre 
(MMF) which in this demonstration will be used as a scattering medium to demonstrate time 
reversal. As the full set of spatial/polarisation modes this fibre supports is addressable across 
the entire group-delay spread of those modes, there is no scattering path that exists through the 
fibre which cannot be time-reversed. Allowing completely arbitrary spatial, polarisation and 
temporal fields to be generated at the distal end of the fibre. 
 
Figure 2 – Detailed schematic of optical time reversal system. Consisting of a polarisation and spatially resolved 
spectral pulse shaper for generate arbitrary vector spatiotemporal states, in conjunction with a swept-wavelength 
digital holography characterisation system. 
 
The entire optical transfer function of the device and the attached MMF is characterised using 
swept-wavelength digital holography. Each spatial mode in each polarisation is selectively 
excited by the SLM one-at-a-time.  The digital holography system at the distal end of the fibre 
measures the corresponding optical field, and extracts the amplitude and phase for each output 
spatial mode in both polarisations as the wavelength of the source is swept. This yields a 
complete linear description of the system whereby any spatiotemporal input can be mapped to 
any spatiotemporal output. The desired spatiotemporal output is specified as a wavelength-
dependent complex vector, which is propagated through the time-reversed version of the 
optical transfer function. That is, the phase conjugate of the transfer matrices for each 
wavelength component. This yields the required input spatiotemporal state which is then 
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generated using the spatially-resolved spectral pulse shaper and characterised using the swept-
wavelength digital holography system.  
The device as demonstrated here is perhaps the simplest possible implementation, 
consisting of a single SLM of not especially high resolution (1920×1080). All spatial, spectral 
and polarisation components are addressed using this single SLM. However this is not the only 
possible design. Importantly from a scalability perspective, there is no reason why all 
spatial/polarisation modes need be addressed by a single SLM. MPLC devices have already 
been demonstrated capable of decomposing hundreds of spatial modes onto 2D grids, which 
would allow groups of modes to be processed by separate SLMs. There is also no reason the 
phase mask currently implemented as a single SLM plane cannot itself be distributed over 
multiple planes. That is, the number of addressable degrees of freedom could be increased by 
adding SLMs in either the transverse and/or longitudinal directions. 
 
Experimental results 
Figure 3 contains an example of arbitrary spatiospectral control. In this example, the device is 
being used as a novel dispersive element, which can perform arbitrary mappings between 
wavelength and two-dimensional space/polarisation. A traditional dispersive element such as 
a grating, performs a mapping of wavelength to 1D angle or position space. Sweeping the 
wavelength of the source would cause the output beam in the far-field to move along a straight 
trajectory. However for the device of Figure 2, there are few constraints on the types of linear 
mappings which can be implemented, ultimately being limited by the number of 
spatial/polarisation modes (90) and the spectral resolution (~15 GHz). For example, focused 
spots can be traced along arbitrary two-dimensional trajectories as a function of wavelength 
and polarisation. More generally, it is possible to assign completely arbitrary 
spatial/polarisation states to arbitrary wavelengths. Figure 3 illustrates an example of 
horizontally polarised spatial states corresponding to the letters of the alphabet being generated 
as a function of wavelength. Each letter has a bandwidth of approximately 30GHz and the 
entire alphabet is cycled through multiple times across the 4.3THz bandwidth of the device. 
From the measured optical fields of Figure 3 it is possible to see that the amplitude and phase 
of all spatial modes in both polarisations can be controlled arbitrarily. In this example, the 
overall spectral phase is near constant as a function of wavelength and hence all letters arrive 
at the same delay. 
 
Figure 3 – Demonstration of spatiospectral control. Arbitrarily polarised spatial fields at arbitrary wavelengths. In 
this example, spelling out horizontally polarised letters of the alphabet as a function of wavelength. 
 
Figure 4 contains an example of arbitrary spatiotemporal control. The principle of operation is 
much the same as the spatiospectral control example of Figure 3, except in this case, the desired 
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spatial/polarisation output states are specified in the time domain. These states are then Fourier 
transformed to the corresponding spatial/polarisation states in the spectral domain. For the 
spatiospectral demonstration of Figure 3 the spectral phase of the output states was not of 
interest and was kept flat. For temporal control, it is critical that not only are the correct 
superpositions of spatial/polarisation modes excited at each wavelength, but also the relative 
phase between the wavelengths must be correct in order to generate the desired temporal 
features. Arbitrary mappings of space/polarisation to time can be implemented using this 
device. For example, arbitrarily polarised focused spots or singularities40,41 tracing arbitrary 
trajectories through space and time, or indeed more complicated states. The device can be 
thought of as a kind of ultrafast wavefront shaper capable of generating a sequence of arbitrary 
beams separated by a bandwidth-limited duration, which  corresponds to 230fs for this device. 
The example of Figure 4 illustrates an example of two orthogonally polarised “clock hands” 
rotating at different rates and in different directions as a function of delay, within 20ps. In this 
experiment we are observing the field as it evolves in time at a fixed position in space (the 
camera plane), however it would also be possible to specify the desired field as a function of 
3D space at a desired instant in time. Although when the beam is collimated there is little 
distinction between these two scenarios. For a focused beam, this could be used to shape the 
spatial/polarisation properties of the focal volume in both the transverse and longitudinal 
directions. 
 
 
Figure 4 – Demonstration of spatiotemporal control. Arbitrarily polarised spatial fields at arbitrary delays. In this 
example, a “clock hand” rotating at two different rates as a function of delay for the two output polarisations. 
 
Conclusion 
We have demonstrated a system capable of measuring and generating arbitrary vector 
spatiotemporal fields. This device is able to simultaneously control all classical properties of 
light independently. Enabling full optical time reversal through scattering media as well as 
spatiotemporal control of light more generally for applications such as imaging, nonlinear 
optics and micromanipulation. 
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